Google started the WebM Project in 2010 to develop open source, royalty--free video codecs designed specifically for media on the Web. Subsequently, Google jointly founded a consortium of major tech companies called the Alliance for Open Media (AOM) to develop a new codec AV1, aiming at a next edition codec that achieves at least a generational improvement in coding efficiency over VP9. This paper proposes a new coding tool as one of the many efforts devoted to AOM/AV1. In particular, we propose a second ALTREF_FRAME in the AV1 syntax, which brings the total reference frames to seven on top of the work presented in [11] . ALTREF_FRAME is a constructed, no-show reference obtained through temporal filtering of a look-ahead frame. The use of two ALTREF_FRAMEs adds further flexibility to the multilayer, multi-reference symmetric framework, and provides a great potential for the overall RateDistortion (RD) performance enhancement. The experimental results have been collected over several video test sets of various resolutions and characteristics both texture-and motion-wise, which demonstrate that the proposed approach achieves a consistent coding gain, compared against the AV1 baseline as well as against the results in [11]. For instance, using overall-PSNR as the distortion metric, an average bitrate saving of 5.880% in BDRate is obtained for the CIF-level resolution set, and 4.595% on average for the VGAlevel resolution set.
INTRODUCTION
Google started the WebM Project [1] in 2010 to develop open source, royalty--free video codecs designed specifically for media on the Web. The first codec released as part of the project was called VP8 [2] and is still used extensively in Google Hangouts. The second generation codec released by the WebM project, VP9 [3] [4], -is currently served by YouTube, and enjoys billions of views per day. It achieves a coding efficiency similar to the latest video codec from MPEG entitled HEVC [5] . Realizing the need for even greater compression efficiency to cope with the growing demand for video on the web, the WebM team embarked on an ambitious project to develop a next edition codec, VP10 [7] , that achieves at least a generational improvement in coding efficiency over VP9. Starting from VP9, a set of new experimental coding tools have already been added to VP10 to achieve substantial coding gains. Subsequently, Google joined a consortium of major tech companies called the Alliance for Open Media (AOM) to jointly develop a new codec AV1 [8] . As a result, the VP10 effort has been largely merged with AV1.
Major tools that are being explored by AOM/AV1 are illustrated in Figure 1 .
In this paper, we focus primarily on the use of the multiple reference prediction for the overall RateDistortion (RD) performance enhancement. Specifically, we describe tools that increase the flexibility and adaptability in selecting various combinations of reference frames, allowing the codec to handle a more diverse range of videos in terms of temporal correlations across successive frames.
SYMMETRIC FRAMEWORK USING MULTI-REFERENCE PREDICTION
Current VP9 codec uses three references for the encoding of each video frame, namely LAST_FRAME, GOLDEN_FRAME, and ALTREF_FRAME. In the work we presented in [11] , a new coding tool is proposed and the number of references is extended from three to six, through the adding of three new references: LAST2_FRAME, LAST3_FRAME, and BWDREF_FRAME. In particular, LAST2_FRAME and LAST3_FRAME are two forward references, similar to LAST_FRAME, whereas BWDREF_FRAME is a backward reference, similar to ALTREF_FRAME. The use of BWDREF_FRAME exploits the existing "show_existing_frame" feature provided by VP9, to encode a look-ahead frame without applying temporal filtering, thus more applicable as a backward reference in a relatively shorter distance.
Specifically, in the single reference mode, where Intercoded blocks use a single prediction obtained from one reference frame, the proposed coding tool allows each frame to choose from up to six reference frames. In the compound reference mode, where Inter-coded blocks use a combination of two predictions, obtained from a forward reference and a backward reference respectively, four choices are provided for the forward references and two for the backward references. Each video frame consequently is offered an extensively larger set of multi-reference prediction modes, thus leading to a greater potential for the RD performance improvement.
Secondly, through the use of BWDREF_FRAME, a symmetric framework of multi-reference prediction is established for the compound mode prediction: (1) A BWDREF_FRAME may be selected from a nearer future frame, as opposed to the LAST_FRAME; (2) A BWDREF_FRAME or ALTREF_FRAME may be selected from a farther future frame, as opposed to the LAST2_FRAME; and (3) An ALTREF_FRAME may be selected from a distant future frame, as opposed to the GOLDEN_FRAME in the distant past. Such framework provides an opportunity to encode a variety of videos with dynamic temporal correlation characteristics in a more adaptive and optimal way. An instantiation of the framework is illustrated in Figure 2 . Figure 2 (a). An example of video coding using a symmetric multi-reference prediction framework:
Symmetric multi-reference prediction of a video clip in display order
ADAPTIVE PREDICTION USING SECOND ALTREF_FRAME
ALTREF_FRAME is a no-show frame usually constructed from a distant future frame through temporal filtering. An AV1 encoder may apply different temporal filtering strength to construct an ALTREF_FRAME, adapting to various motion smoothness levels across frames. A so-called Golden Frame (GF) group can be established, and all the frames within one GF group may share the same GOLDEN_FRAME and the same ALTREF_FRAME. LAST_FRAME may be updated constantly. When the distant future frame that provides ALTREF_FRAME is actually being coded, it is referred to as an OVERLAY frame but treated as a regular inter frame. OVERLAY frames usually cost fairly small amounts of bits as ALTREF_FRAME may serve as an ideal prediction.
We propose the use of a second ALTREF_FRAME in the new coding tool, namely ALTREF_FRAME2. The use of two ALTREF_FRAMEs allows the total number of reference frames further increase from six to seven. Moreover, the number of backward reference frames are more balanced with that of the forward reference frames, and a more ideal symmetric reference framework may hence be established. The introduction of ALTREF_FRAME2 has a great potential to better adapt to the various motion-/ texture-wise characteristics in a video and provide more RDoptimized inter-predictors for the coding of each video frame. Figure 2(b) . An example of video coding using a symmetric multi-reference prediction framework: Symmetric multi-reference prediction of a video clip in encoding order Figure 3 . The use of a second ALTREF_FRAME (ALTREF2) in the hierarchical multi-layer framework
EXPERIMENTAL RESULTS
Results are collected over two standard video test sets with various resolutions and spatial / temporal characteristics, as presented in Table 1 . Specifically, the set of lowres includes 40 videos of CIF resolution, and the set of midres includes 30 videos of 480p and 360p resolution. Each video contains 150 frames. 
In this paper, we propose a multi-layer, multi-reference symmetric framework for AOM/AV1, an effort for the next generational royal free, open source video codec. In particular, through the use of two ALTREF_FRAMEs, together with five other reference frames, the framework provides a great potential for the overall Rate-Distortion (RD) performance enhancement. The experimental results have been collected over several video test sets of various resolutions and characteristics both texture-and motion-wise, which demonstrate a consistent coding gain by the proposed approach, compared against the AV1 baseline as well as against the results in [11] . For instance, using overall-PSNR as the distortion metric, an average bitrate saving of 5.880% in BDRate is obtained for the CIF-level resolution set, and 4.595% on average for the VGA-level resolution set.
